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h i g h l i g h t s
We evidenced the naphthenic corrosion on an AISI 316 steel surface immersed in two crude oil samples.
 The naphthenic corrosion was evidenced by Raman spectroscopy and AFM.
 AFM measurements predicted the ‘‘real stage’’ of naphthenic corrosion.
 Three corrosion products were identiﬁed: goethite, magnetite, and hematite.
 ESI()-FT-ICR MS data showed a wide DBE distribution of O2 class for the crude oil with higher corrosion power.a r t i c l e i n f o
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Naphthenic acids were identiﬁed as the main corrosive species in acidic crudes, although they represent
less than 3% wt. The determination of naphthenic acid concentration in oils is one of the ﬁrst tasks for
naphthenic corrosion studies, being expressed still by the total acid number (TAN). However, the TAN
is not directly correlated to the corrosivity of naphthenic acids, and therefore it is important to study
the naphthenic composition and the corrosion associated with TAN values. Herein, the corrosion process
was evaluated on an AISI 316 steel surface immersed in two crude oil samples (G and J) with distinct TAN
values (0.33 and 3.10 mg KOH g1) by optical microscopy, atomic force microscopy (AFM) and Raman
spectroscopy during a total period of 36 days. For light microscopy images, the naphthenic corrosion is
evidenced only on the AISI 316 steel surface from 21 days of exposure to sample J. On the other hand,
AFM measurements predicted the ‘‘real stage’’ of naphthenic corrosion, evidenced by topographic and
phase images from 21 days for crude oil G and 14 days for sample J. Raman spectra also corroborated
AFM data, wherein three corrosion products were identiﬁed: goethite (a-Fe(OOH), magnetite (Fe3O4),
and hematite (Fe2O3). The correlation between the naphthenic corrosion and the TAN values was evalu-
ated from negative ion mode electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry data that showed a wider range of DBE distribution (from 1 to 17) and higher naphthenic
acid species concentration for the crude oil with higher corrosion power.
 2014 Elsevier Ltd. All rights reserved.1. Introduction include all organic acids in the acid extractable fraction, but theNaphthenic acids were identiﬁed as the main corrosive species
in acidic crudes, although they represent less than 3% wt. Theymain constituents are carboxylic acids with general formula
R-(CH2)n-COOH, where R corresponds to one or more cyclopentane
or cyclohexane rings [1]. Since 1920, due to naphthenic corrosivity
effects and their biological marker role in geochemistry, many
studies have focused on identiﬁcation of naphthenic acid struc-
tures present in different crudes [2]. However, identifying naph-
thenic acids in crude oils is a difﬁcult analytical task due to the
huge complexity of crude oils that exceed the peak capacity of
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ent organic acids in one crude oil sample with molecular weights
ranging from 200 to 700 Da [3]. Mapolelo et al. have identiﬁed
naphthenic acids over a mass range of 115–1500 Da with a carbon
content of C20–C80 [4].
The determination of naphthenic acid concentration in oils is
one of the most important tasks for naphthenic corrosion studies.
Currently, naphthenic acidity is determined by the titrating of a
crude oil solution with an alcoholic solution of potassium hydrox-
ide (KOH), being expressed by the total acid number (TAN) that
represents the milligrams of KOH used to neutralize all acidic spe-
cies in 1 g of the oil sample [5]. Crude oils with TAN > 0.5 mg of
KOH g1 may cause severe corrosion problems in reﬁning opera-
tions [3,6,7]. However, the TAN is not directly correlated to the cor-
rosivity of naphthenic acids. It depends upon the size and structure
of the naphthenic acids and the interaction of naphthenic acids
with other compounds present in the crude oil (sulﬁtes, carbon
dioxide, etc.).
The main mechanism of naphthenic acid corrosion described in
literature [8,9] is represented in Eqs. (1)–(3), where R denotes the
naphthenic acid group and Fe (RCOO)2 is the corrosion product that
is soluble in the oil medium (Eq. (1)).
Feþ 2RCOOH! FeðRCOOÞ2 þH2 ð1Þ
FeþH2S! FeSþH2 ð2Þ
FeðRCOOÞ2 þH2S! FeSþ 2RCOOH ð3Þ
In general, naphthenic acids react with the iron to form the iron
naphthenate and readily leaves the metal surface exposed to fur-
ther acid attack, Eq. (1). In presence of H2S, a sulphide ﬁlm forms
on the iron surface, which can offer some protection depending
on the acid concentration (Eqs. (2) and (3)).
In this context, it is important to study the naphthenic compo-
sition in crude oil and to associate with TAN values, determining
their chemical structure on the molecular level. It is important still
to monitor corrosion degree, evaluating morphologic changes and
the material deposition on the steel surface caused mainly by
naphthenic corrosion.
Raman spectroscopy [10,11] coupled with atomic force micros-
copy (AFM) is a high-resolution technique that has provided a fast
chemical and morphologic characterization (identiﬁcation of
compounds deposited on the solid material’s surface and porosity
analysis), thus allowing in situ analyses without prior sample prep-
aration on an atomic scale [12,13]. In 1997, Faria et al. [10] used
Raman spectroscopy to investigate the effect of laser power on
the Raman spectra of iron oxides and oxyhydroxides. Generally,
rust composition studies using Raman spectroscopy demanded a
higher laser power for the excitation of the spectra. In some cases,
however, high laser power on the surface should cause sample
degradation, leading to the misinterpretation of Raman spectra.
The sensitivity of Raman spectra in the function of laser power will
also depend on the surface morphology, at least in the case of mag-
netite (Fe3O4). In 2001, Zhang et al. [11] used Raman spectroscopy
to study the corrosion products formed on the carbon steel surface
in a solution containing Cl e SO42. Two corrosion products on the
carbon steel surface consisting of double rust layers were identi-
ﬁed: a porous outer layer (lepidocrocite, c-FeOOH) and another
compact inner layer (Fe3O4).
Similar to Raman spectroscopy, AFM has also demonstrated
usefulness in situ morphologic analysis on metal surfaces on a
nanometric scale [13]. AFM provides microstructure information
of material [14] and requires non-sample preparation; it can be
operated on a material surface under wet or dry conditions [15].
AFM has been widely recognized has having higher resolutionand accuracy on the vertical dimension scale compared to other
microscopic techniques such as scanning electron microscopy
(MEV) and transmission electron microscopy (TEM), thus offering
an opportunity to evaluate localized corrosion [16,17]. The main
advantages of AFM in relating to other morphologic and structural
analyses are: a higher resolution of image in three dimensions
(AFM can obtain images enlarged several million times, providing
the same resolution in all three dimensions) [18]; sample prepara-
tion is easy and fast: the conductive coating is not necessary, and
the analyses are performed at atmospheric pressure. AFM allows
a direct quantiﬁcation of the roughness on the surface and also
provides the thickness of ultrathin ﬁlms on substrates, providing
viscoelasticity and mechanical properties. Finally, the time and
cost of analysis can be reduced.
AFM was ﬁrstly applied to evaluate the naphthenic acid corro-
sion in crude oil samples (TAN = 4.73 and 0.44 mg KOH g1) in
2014 [13], remaining in contact with AISI 1020 steel during a per-
iod of 15 days. The AFM topographic proﬁle was profoundly
altered, and optical images and microphotographs conﬁrmed the
presence of irregularities, characterizing the corrosion mechanism
as the alveolar type. In this context, the naphthenic corrosion
process is now evaluated on AISI 316 steel, being immersed in
two crude oil samples with distinct TAN values (0.33 and
3.10 mg KOH g1). The corrosion process was monitored as a func-
tion of time during a period of 36 days, and the products and the
morphology changes on the steel were evaluated using Raman
spectroscopy and AFM. Initially, two crude oils were submitted
to primary characterization (emulsiﬁed water and sediment,
BSW, API degree, pour point, salt, TAN, total sulfur, kinematic vis-
cosity, and density) and chemical (negative ion mode electrospray
ionization Fourier transform ion cyclotron resonance mass spec-
trometry, ESI()-FT-ICR MS) characterization.
2. Experimental
2.1. Materials
Anhydrous propan-2-ol, toluene, and potassium hydroxide
(KOH, analytical grades with purity higher than 99.5%) were used
for the TAN measurements. Acetone and kerosene were used in
washing the AISI 316 steel applied in corrosion experiments. These
chemicals were supplied by Vetec Química Fina Ltda, Brazil.
Ammonium hydroxide (NH4OH), stearic acid (SA), and sodium
triﬂuoroacetate (NaTFA) were purchased from Sigma–Aldrich
Chemicals USA and used for the ESI()-FT-ICR MS measurements.
All reagents were used as received. Two crude oil samples (termed
oil G and oil J) from Espírito Santo state (ES), Brazil, were collected
in 2013 and used in this work.
2.2. Characterization of the crude oils
2.2.1. Physical–chemical properties
Crude oils G and J were characterized according to the
standards of the American Society for Testing and Materials
(ASTM) by the Laboratory of Petroleum Characterization of Federal
University of Espírito Santo (LabPetro/UFES-Brazil). A primary
characterization was conducted to determine the density (ASTM
D5002-99) [19], API degree (ASTM D1298-99) [20], total acid num-
ber (ASTM D664-09) [5], kinematic viscosity (ASTM D7042-04)
[21], the total sulfur (ASTM D4294) [22], pour point (ASTM D93-
10) [23], and salt (ppm) (ASTM D6470) [24] analyses. Because
the emulsiﬁed water and sediment value was less than 1.0% v/v,
it was not necessary to dehydrate the crude oil sample. The data
obtained from the characterization of two crude oils (G and J) are
described in Table 1.
Table 1
Physicochemical characterization of oil for samples G and J.
Characterization Sample G Sample J
BSW (v/v) 0.10 0.20
API degree 28.20 17.50
Pour point (C) 18.00 24.00
Salt (ppm) 210.20 233.48
TAN (mg KOH g1) 0.33 3.10
Total sulfur (wt%) 0.16 0.57
Viscosity20c (mm2/s) 87.82 97.20
Viscosity40c (mm2/s) 26.95 469.31
Viscosity50c(mm2/s) 28.26 244.32
Density (g/cm3) 0.88 0.95
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Crude oils G and J were diluted to 1 mg mL1 in 50:50 (v/v)
toluene/methanol, which contained 0.1% m/v of NH4OH for ESI()
source. The resulting solution was directly infused at a ﬂow rate of
5–10 lL min1 into the ESI source. The mass spectrometer (model
9.4 T Solarix, Bruker Daltonics, Bremen, Germany) [25–29] was set
to operate over a mass range of m/z 200–1300. The ESI() source
conditions were as follows: a nebulizer gas pressure of 3 bar, a
capillary voltage of 3 kV, and a transfer capillary temperature of
250 C. The ion accumulation time in the hexapole was 0.02–
0.03 s, followed by transport to the analyzer cell (ICR) through
the multipole ion guide system (another hexapole). Each spectrum
was acquired by accumulating 200 scans of time-domain transient
signals in 4 mega-point time-domain data sets. The front and backFig. 1. ESI()FT-ICR mass spectratrapping voltages in the ICR cell were 0.60 V and 0.65 V for
ESI(). All mass spectra were externally calibrated using a NaTFA
solution (m/z from 200 to 1200) after they were internally
recalibrated using a set of the most abundant homologous alkyl-
ated compounds class for each sample. A resolving power,
m/Dm50% ﬃ 460,000–500,000, in which Dm50% is the full peak
width at half-maximum peak height, of m/z 400 and a mass
accuracy of <1 ppm provided the unambiguous molecular formula
assignments for singly charged molecular ions. The mass spectra
were acquired and processed using a custom algorithm developed
speciﬁcally for petroleum data processing, Composer software
(version 1.0.2, Sierra Analytics, Pasadena, CA, USA). The MS
data were processed, and the molecular formulas were determined
by measuring the m/z values. For each molecular formula,
CcHhNnOoSs, the heteroatom class, the type [double bond equiva-
lents (DBE) = the number of rings plus the double bonds involving
carbon], and the carbon number, CN, were tabulated to generate
the graphical DBE versus the CN images, and the DBE versus
intensity histogram.
For the CN versus DBE plot, DBE was the number of rings added
to the number of double bonds in each molecular structure. The
aromaticity of a petroleum component can be deduced directly
from its DBE value according to Eq. (4):
DBE ¼ c  h=2þ n=2þ 1 ð4Þ
where c, h, and n are the numbers of carbon, hydrogen, and nitrogen
atoms, respectively, in the molecular formula.for samples (a) G and (b) J.
Fig. 2. DBE versus CN plot for the O2 class of crude oil samples G (a) and (b) J; and (c) DBE versus intensity plot for the O2 class.
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To characterize the type of corrosion present in AISI 316 steel,
samples (area of 7.83 cm2) were washed with acetone, polished
with 120- to 1220-grit sandpaper, and immersed in a bath with
acetone under ultrasonication for 20 min [13]. The AISI 316 steel
samples were dried and then immersed in containers of 10 mL
with crude oil G and J samples at ambient temperature (23 C),
pressure of 1 atm and under static condition. After, the specimens
were removed (7, 14, 21, 28, and 36 days) and washed with ace-
tone and kerosene. Immediately after drying, AFM and Raman
spectroscopy analyses were performed.
2.4. AFM and Raman spectroscopy analyses
AFM and Raman spectroscopy analyses were realized on AISI
316 steel surface exposed to the corrosive effects of the crude oils
G and J. Initially, the AISI 316 steel samples were analyzed without
exposure to petroleum (time = 0 day) and after exposure to crude
oils in function of time. AFM images were taken without metalliza-
tion operating at 12 kV and an Alpha 300R confocal microscope
(WITEc/Wissenschaftliche Instrumente und Technologie GmbH,
Ulm, Germany). For AFM measurements, the topographic images
were made in non-contact mode (from regions selected by use of
the integral light microscope), with Si3N4 cantilever tips, nominalconstant of 42 N.m1, resonance frequency of 285 kHz, scan rates
of 0.3–1.0 Hz, and scan size of 2.500–10.000 nm [13]. In addition to
topographic images, the phase images (tapping mode) and light
microscopy images were simultaneously collected [30]. Variations
in the phase images can be used to estimate physicochemical
properties of AISI 316 steel such as hardness, adhesion, and visco-
elasticity [31,32]. Surface skewness (Sk values were determined
from Eq. (5) and applied to describe the asymmetry of the height
distribution, thus evaluating the roughness from the cross section
of topographic and phase images:
Sk ¼ 1
R3q
1
n
Xn
i¼1
Z3i ð5Þ
where Zi is the relative height value at a determined position i, Rq is
the root mean square of the height deviation, and n is the number of
points within the image grid. In general, when the Sk value obtained
is ﬃ zero, a symmetric or even distribution of data around the mean
plane is suggested; when Sk is – zero, an asymmetric one-tailed
distribution is suggested, such as ﬂat plant having a small sharp
spike (Sk > 0) or a small deep pit (Sk < 0) [33]. Finally, Raman spec-
tra were collected in the same region of the AFM measurements.
The spectra were obtained using a laser excitation source of NdYag
(k = 532 nm) and a Nikon lens with 100magniﬁcation (NA = 0.90).
For each spectrum, an integration time of 100 ms was used.
Fig. 3. ESI()FT-ICR mass spectra for samples (a) G and (b) J with internal standard (stearic acid, SA) at 0.500 mol L1.
Fig. 4. Light microscopy images on the AISI 316 steel samples surface before (blank) and after exposure to crude oils G and J as a function of time: 0 (blank), 7, 14, 21, 28, and
36 days. The naphthenic corrosion is indicated by a black arrow, being evidenced on AISI 316 surface from 21 days of exposure to sample J.
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3.1. Crude oil characterization
The physical–chemical characterization (BSW, API degree, pour
point, salt, TAN, total sulfur, kinematic viscosity, and density) of
crude oils G and J is shown in Table 1. Higher values of salt and
TAN are observed for crude oil J than for crude oil G. Therefore, a
higher effect of naphthenic corrosion on the AISI 316 carbon steel
surface is expected for crude oil J in relation to crude oil G.
The ESI() source selectively ionizes the acidic components
(carboxylic acids and neutral nitrogen compounds) in a hydrocar-
bon crude oil matrix. The carboxylic acids are preferentially ion-
ized by an order of magnitude over the neutral nitrogen species
(pyrollic benzalogs) [34]. The preferential ionization of the acidic
species via ESI() renders this the desired technique because these
acidic components, speciﬁcally the carboxylic acids, are believed tobe the key contributors to the TAN. Fig. 1a–b shows the ESI()-
FT-ICR mass spectra for crude oils G (1a) and J (1b). In general,
the ESI()-FT-ICR mass spectra have proﬁles from m/z 200 to
1200 with an average molar mass distribution (Mw) centered from
ﬃ470 and 500 Da (crude oils G and J, Fig. 1a–b, respectively).
Heteroatom-containing species were detected as deprotonated
molecules, that is, [M–H] ions, corresponding primarily to naph-
thenic acids, carbazole, and hydroxyl-pyridines analog species
(O2, N, and NO classes, respectively).
The enlarged area around m/z 473 and 475 (Fig. 1a–b)
highlights the presence of main polar species detected:
[C32H58O2–H], [C33H49NO–H], and [C35H41N–H] ions of m/z
473.4364, 474.3741, and 474.3166 and DBE = 5, 11, and 17, respec-
tively. Note that the O2 class species are majority presents in both
crude oils, being more abundant for crude oil J that has higher TAN,
Fig. 1b and S (see the class proﬁle diagrams in supplementary
material). On the other hand, nitrogenous class species (N class)
Fig. 5. AFM measurements on the AISI 316 stainless steel samples surface before (blank) and after exposure to crude oil samples G and J in different periods of time (0, 7, 14,
21, 28, and 36 days): columns A1–6 and D19–24 correspond to 3D topographic images; columns B7–12 and E25–30 correspond to cross-section graphics along the line of the
topography with SK values; and columns C13–18 and F31–36 are phase images.
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[C35H41N–H] ion of m/z 474.AISI 3166 and DBE = 17, Fig. 1a).
Plots of the DBE versus the CN have proven to be useful tools for
the differentiation of complex organic mixtures based on chemical
composition. It has been shown that these plots allow the presen-
tation of all signals from a speciﬁc class in a simple and feasible
way [35,36]. For this reason, to qualitatively compare the crude oils
G and J, DBE versus CN plots (Fig. 2a–b) and DBE versus intensity
(Fig. 2c) were generated, showing the distribution of all compo-
nents from a speciﬁc class, O2 class. Each horizontal line of the dia-
gram in Fig. 2a–b represents a homologous series with a speciﬁc
DBE value.
Fig. 2a–b show plots of the DBE versus the CN for the O2 class of
crude oils G and J. There are compounds with DBEs ranging from 1
to 17 and carbon numbers ranging from C15 to C60, with the most
abundant compounds being C31 and C32 with a DBE of 3 and 4. The
most abundant O2 compounds were mainly composed of two and
three naphthenic rings, being in agreement with the resultsreported by Schaub et al. [37] and Colati et al. [25]. A notable dif-
ference was observed when relative abundance distributions for
the O2 compound classes are compared (Fig. 2c). For this class, a
wider range of DBE distribution is observed for sample J (DBE from
1 to 17) when compared with sample G (DBE from 1 to 13). There-
fore, this result can be associated with the higher TAN observed for
sample J (3.10 mg KOH g1). DBE versus CN plots for N compounds
classes identiﬁed in samples G and J are shown in Fig. 2S (supple-
mentary material).
To better prove the effect of TAN on the chemical proﬁle of
ESI()-FT-ICR mass spectra, the crude oils G and J were spiked with
an internal standard (stearic acid at 0.5 lmol L1), Fig. 3a–b. Note
that, as the TAN increases (sample G? sample J), the signal of m/z
283 decreases, making possible a visual determination of the high
acidity of sample J.
In general, crude oils with TAN > 0.5 mg of KOH g1 such as
sample J are classiﬁed as acid crude oils [6] and may cause severe
corrosion problems in reﬁning operations. However, the TAN is not
Fig. 6. Raman spectra of the AISI 316 steel samples before (blank) and after exposure to crude oil samples G and J as a function of time (14, 21, 28, and 36 days).
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et al. [38] showed that crude oils with TAN < 0.5 mg KOH g1 can
be corrosive, presenting a rate of 0.39 mm/year for carbon steel.
The literature also reports the inﬂuence of sulfur compounds in
naphthenic corrosion. When high H2S concentrations are present
in crude oils (S > 1.5 wt%), the naphthenic corrosion is inhibited
by the formation of a thin protective layer from the reaction
between iron and H2S [1,2]. In this case, both crude oils have
S < 1.5 wt%; therefore, the naphthenic acids are directly responsi-
ble for the corrosion phenomenon.
ESI()-FT-ICR MS data, Figs. 1–3, show that DBE versus CN plots
are similar for crude oils G and J, Fig. 2, being expected, therefore,
that both are corrosive, however, presenting different naphthenic
corrosion rates. With the aim of predicting and evaluating the
effect of naphthenic corrosion of crude oils G and J on AISI 316 steel
surface, optical microscopy, AFM, and Raman spectroscopy mea-
surements were performed.
3.2. Optical microscopy
Fig. 4 shows light microscopy images on the AISI 316 steel sam-
ple surfaces before (blank) and after exposure to crude oils G and J
as a function of time: 0 (blank), 7, 14, 21, 28, and 36 days. An irreg-
ular surface is evidenced on the AISI 316 steel before exposure to
crude oils. This is attributed to its pretreatment with serial wet
sanding using 400, 600, and 1200 grit sandpaper. For crude oil G,
unchanging light microscopy images are observed over time. The
naphthenic corrosion is only evidenced on AISI 316 steel surface
from 21 days of exposure to sample J, being indicated by a black
arrow (Fig. 4). Despite the optical microscopy be widely applied
in corrosion analyses, your micrometer scale hampers the visuali-
zation of initial corrosion stages.
3.3. AFM analyses
The AFM technique can offer the possibility of evaluating cor-
rosion stages on AISI 316 steel surfaces at nanoscale; therefore,this technique can accomplish more precise identiﬁcation of the
corrosion process. Fig. 5 shows AFM measurements on the AISI
316 steel surface before (blank) and after exposure to samples G
and J in different periods of time (0, 7, 14, 21, 28, and 36 days).
Columns A1–6 and D19–24 correspond to 3D topographic images,
in which high resolution of AFM (geometric area of 25 lm2)
makes it possible to note ﬁssures attributed to the pretreatment
performed on the steel surface. Columns B7–12 and E25–30 corre-
spond to cross-section graphics along the topographic line where
SK values are shown. Finally, columns C13–18 and F31–36 are phase
images.
Topographic images, columns A1–6 and D19–24, for samples G
and J, are strongly altered from 21 days for sample G (column A4)
and 14 days for sample J (column D21), thus evidencing the corro-
sion process. For AISI 316 steel samples with exposure to crude oil
J, the cross-section graphic indicates the formation of peaks below
zero from 14 to 36 days of exposure, Fig. 5 (columns E27–30). SK val-
ues also changed from 1.07 (blank, column E25) to 0.06 (36 days,
column E30).
Similar to topographic images for samples G and J (column A4
and D21), phase images (columns C16 and F33) were acquired simul-
taneously and also indicate changes in the mechanical properties,
being attributed to decomposition of the steel samples (Fig. 5, col-
umns C16 and F33).
For AISI 316 steel exposure to crude oil G, SK values changed
from 0.06 (blank, column B7) to 1.25 and 0.42 (28 and 36 days,
columns B11 and B12), being the initial corrosion stage deter-
mined at 21 days. As opposed to AFM, unchanging light micros-
copy images were observed, Fig. 4. Therefore, these results
showed that the AFM is a powerful tool to predict the real stage
of corrosion.
Romão et al. [13] also evidenced naphthenic acid corrosion after
15 days of exposure to the crude oil with TAN = 4.73 mg KOH g1
on AISI 1020 steel surface. AFM detected a topographic proﬁle pro-
foundly more altered when compared to AISI 316 steel. Similar to
this work, they also found naphthenic corrosion in samples with
low TAN value (0.44 mg KOH g1).
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Fig. 6 shows Raman spectra of the AISI 316 steel samples before
(blank) and after exposure to crude oil samples G and J as a func-
tion of time (0, 14, 21, 28, and 36 days). Similar to AFM data, three
corrosion products are identiﬁed from 14 and 21 days of exposure
to crude oils J and G: (i) 243, 299, 385, and 479 bands are assigned
to goethite (a-Fe(OOH)); (ii) bands in region from 200 to 690 cm1
are assigned to magnetite (Fe3O4); and (iii) 1326 cm1 is assigned
to hematite (Fe2O3) [10,39,40]. a-Fe(OOH), Fe3O4, and Fe2O3 forma-
tions in a corrosive environment can be given by the Eqs. (6)–(8).
4Feþ 3O2 þ 2H2O! 4FeOOH ð6Þ
8FeOOHþ Fe! 3Fe3O4 þ 4H2O ð7Þ
2FeOOH! Fe2O3 þH2O ð8Þ
The presence of iron, oxygen, and water (in low concentration)
is responsible for a-Fe(OOH) production, Eq. (6). Additionally, H2S,
RSH, and RCOOH species can also contribute to a-Fe(OOH) forma-
tion. Fe3O4 and Fe2O3 are more abundant corrosion species being
produced by reactions between iron and a-Fe(OOH) and by dehy-
dration of a-FeOOH, respectively (Eqs. (7) and (8)) [11].
4. Conclusion
Herein, the corrosion naphthenic process was evidenced on an
AISI 316 steel surface immersed in two crude oil samples (G and
J) with distinct TAN values (0.33 and 3.10 mg KOH g1) by AFM
and Raman spectroscopy. The evaluation of naphthenic corrosion
was performed by AFM measurements, and the early corrosion
stage was determined through topographic and phase images from
21 days for crude oil G and 14 days for sample J. Raman spectra
also corroborated AFM data, where three corrosion products were
identiﬁed: goethite (a-Fe(OOH); magnetite (Fe3O4); and hematite
(Fe2O3). The correlation between naphthenic corrosion and TAN
values was evaluated from ESI()-FT-ICR MS data that showed a
wider range of DBE distribution (from 1 to 17) and a higher naph-
thenic acid species concentration (in which stearic acid was used
as internal standard) for the crude oil with higher corrosion power.
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